Whether T-cell receptors (TCRs) recognize antigenic peptides bound to major histocompatability complex (MHC) molecules through common or distinct docking modes is currently uncertain. We report the crystal structure of a complex between the murine N15 TCR 
. In the current study, the purified and deglycosylated N15 TCR was complexed with VSV8-loaded H-2K b prepared as described [11] and cocrystallized. Table 1 shows the crystallographic data. The structure of the N15-VSV8-H-2K b complex has now been determined at 6 Å by molecular replacement using the program package AMoRe [12] and rigid-body-refined using XPLOR [13] . The resolution permits correct localization of each individual component of the complex, providing important information about the docking of the N15 TCR onto the H-2K b molecule, and allows an overall topological comparison with other TCR-MHC structures.
In the crystal, there are two complexes per asymmetric unit. Figure 1 is a ribbon diagram of one of the complexes, both complexes being very similar. In the figure, the N15 TCR sits on VSV8-H-2K b , with its longest dimension roughly parallel to the β strands that form the platform of the antigen-binding groove. In this docking mode, the Vα domain of the TCR overlies the α2 helix of the H-2K b molecule, and the Vβ domain of the TCR overlies the α1 H-2K b helix. Figure 2 illustrates the footprint of the N15 TCR on the VSV8-H-2K b peptide-MHC complex. All of the H-2K b amino-acid residues affecting N15 recognition appear to make contact with the N15 TCR except for Glu166 and Trp167. From the high-resolution structure of VSV8-H-2K b [11, 14] , it appears that the guanidinium group of the arginine at the P1 position of the VSV8 peptide packs against the indole group of Trp167 and stabilizes the peptide-MHC interaction. Assuming that this feature is maintained in the N15-VSV8-H-2K b complex, then the mutation at Trp167 probably exerts its effect on N15 TCR recognition in an indirect manner. The effect of the Glu166→Lys mutation is probably also indirect, resulting from an unfavorable clustering of positive charges involving the mutated residue and the existing Arg169, Arg170 and Lys173 residues. N15 CDR3 mutations which alter peptide-MHC recognition [3] are in close proximity to the VSV8-H-2K b surface (data not shown).
An important question is whether there are quaternary structural rearrangements in a TCR upon the binding to its peptide-MHC ligand. To this end, we have compared the N15 molecule in complex with VSV8-H-2K b to that of N15 complexed with the H57 Fab antibody fragment [10] . We have superimposed the two Cβ domains and then determined the relative rotation required to bring the respective Vα and Vβ domains from the two molecules into alignment [10] . These calculations show that rotation of only a few degrees is required. By contrast, the H-2K b molecule undergoes a larger quarternary structural change compared with the uncoupled VSV8-H-2K b structure [14] . If the α1 and α2 domains of ligated and unligated structures are superimposed, then the β2 domain can differ by more than 10°.
The availability of the N15-VSV8-H-2K b structure and the recently defined structures of the 2C-dEV8-K b and A6-TAX-HLA-A2 complexes [5, 6] 
Figure 2
Stereoview of a footprint of the N15 TCR on its VSV8-H-2K b peptide-MHC ligand. The peptide is represented as a ribbon drawing, and the N15 TCR as a molecular envelope.
The red spheres on the H-2K b α helices represent those residues affecting N15 recognition by more than 1,000-fold in terms of the molar concentration of VSV8 peptide required to trigger T-cell activation, as determined by functional analysis [2] . In this view, the α1 helix is at the top and the α2
helix at the bottom of the diagram. The Vα and Vβ domains overlie the α2 and α1 helices, respectively. Mutations on the α1
helix are Lys66→Ala and Val76→Ala as viewed from left to right. Mutations on the α2
helix are Lys146→Ala, Ala150→Pro, Arg155→Ala, Ala158→Thr, Glu166→Lys and Trp167→Ala as viewed from right to left.
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Current Biology their molecular masks. The major conclusion which is immediately clear from such an analysis is that these three TCRs have the same docking mode as they approach their respective peptide-MHC ligands. In all cases, Vα interacts with the α2 domain, and Vβ with the α1 domain.
Garboczi et al. [6] proposed that this 'diagonal' TCRbinding mode might be common to all MHC molecules. They observed two high points on the TCR-binding surface of MHC molecules, which might impose a constraint to cause the TCR to dock with a peptide-MHC ligand in this way. The structure alignment shown here gives strong support for that notion. Figure 3b shows that all three TCRs are indeed confined between these two high points of the MHC molecule. The fundamental structural basis for the general docking appears to lie in the inherent twist of the large eight-stranded β sheet that provides the platform of the antigen-binding groove. This in turn causes the α1 and α2 helices to be disrupted at these two highest points on the binding surface (arrows in Figure 3b ).
Figure 3b also shows the relative positions of the six CDR loops from the Vα and Vβ domains in each TCR-peptide-MHC complex. This disposition is an obvious consequence of the universal docking mode. In all cases, the CDR1 and CDR3 loops lie along the antigenbinding groove on the MHC surface ( Figure 3b ). Vα CDR1 and CDR3 residues interact primarily with the amino-terminal half of the peptide, whereas Vβ CDR1 and CDR3 residues interact with the carboxy-terminal half. In contrast, the two CDR2s are outside of the groove, interacting primarily with the MHC residues. From Figure 3 , it is also apparent that there is considerable variability in the precise way in which a given TCR docks with its peptide-MHC ligand. To quantitate these variations, we have used three parameters, termed twist, tilt and shift, which collectively define the variation of the TCR V module relative to the MHC antigen-binding groove (see Table 2 and its legend for details). The twist rotation is best visualized from the top view (Figure 3b ) whereas the tilt angle and shift are evident from examination of the side view (Figure 3a ). There is a remarkable difference in shift and tilt of the A6 TCR relative to the N15 TCR (Table 2) . Even more striking is the variation between 2C
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Figure 3
Relative orientations of three 
α2 Table 2 Structure For the purposes of calculating structural docking differences among TCRs in complex with their peptide-MHC ligands, a V-module line was defined between the midpoints of the respective disulfide bonds in the TCR Vα and Vβ domains. The line derived from the N15 TCR is taken as the reference. The twist angle, viewed best from the perspective shown in Figure 3b , refers to the relative rotation of a TCR docked to its peptide-MHC ligand in comparison with that of N15. Rotation in the clockwise direction is defined as a positive angle, whereas counterclockwise rotation is defined as a negative angle. The tilt angle is best shown in Figure 3a , and refers to the relative rotation of a docked TCR in a manner similar to that described for the twist angle, but as viewed in the perpendicular plane; the same sign conventions were employed. The shift represents the distance (Å) between the midpoint of the V-module lines of two TCRs which are being compared. *Both N15 TCR-VSV8-H-2K b complexes in the asymmetric unit, termed A and B, are included in the Table. and N15 TCRs, given that they recognize the same H-2K b molecule but loaded with different peptides.
The analysis described here, of three distinct TCR-peptide-MHC complexes, identifies a common docking mode for class I MHC ligands, but with substantial TCR-specific variation. Although there is currently no structural data on TCR recognition of class II MHC ligands, mapping of TCR-peptide contacts has been accomplished in such systems by use of variant peptide immunization of single-chain transgenic mice [16, 17] . The results of these genetic analyses suggest a similar topology to that defined above with Vα overlying the β1 helix and Vβ overlying the α1 helix. Collectively, these results support the notion of a common docking mode of TCRs with peptide-MHC ligands for both class-I-restricted and class-II-restricted TCRs [3, 5, 6, 16, 17] .
Materials and methods

Crystallization
Crystals were grown by the hanging-drop vapor diffusion method. The N15 TCR and H-2K b were mixed up roughly at molar ratio to 22-24 mg/ml. The crystallization solution was 3. Table 1 ).
Structure determination and rigid body refinement
The structure has been determined by molecular replacement using program package AMoRe [12] . The search models were the refined structure of N15 [10] and H2-K b [14] . Two N15 molecules and two H-2K b molecules were searched in a two-type four-body search protocol [12] . It was critical to use the normalized structure factors, the E-values rather than F-values, for calculation and include all the 15-6 Å data. The rotation matrices were determined first separately for the K b molecule and for the N15 TCR molecule. The result for the TCR was very clear. The first two peaks with correlation coefficients of 11.2 and 11.0 were significantly higher than the noise level (below 8.3). For the H-2K b molecule, it was less obvious. The peaks 1 and 12 proved to correct. During the four-body translation search the correct rotation peaks were picked up and the correlation coefficient steadily increased from 11.6, 19.5, 25.9 up to 30.0, significantly higher than the next highest peak (26.1). The correct solution could not be found if the 6.5-6.0 Å data were not included, indicating that these weak data at 6.5-6 Å did make an important contribution when E-values were used. When displayed on graphics, these independently located four molecules form two biologically sensible complexes and the crystal packing appears reasonable. The solution was then subjected to rigid body refinement with XPLOR [13] . After domain-by-domain refinement (Vα, Cα, Vβ, Cβ domains for TCR and α1+α2, α3 and β2 domains for H-2K b ) the R-factor dropped from 0.454 to 0.379. In general, the TCRs had less domain movement than the H-2K b molecules, consistent with the TCRs being more easily located by molecular replacement.
Supplementary material
A detailed description of the determination of the structure of the N15 TCR-H-2K b complex at 6 Å is published with this paper on the internet. A more detailed description of the determination of the structure of N15 TCR-H-2K b complex at 6 Å A two-type four-body search protocol was applied as mentioned in the main text. As the work was performed at low resolution, the original input coordinate files of N15 TCR (PDB file access code 1NFD) and H-2K b molecule (PDB file access code 2VAA) were used, and neither loop truncation nor temperature-factor resetting were performed. Initially, the rotation function was carried out separately for the H-2K b molecule and for the N15 TCR molecule. For the TCR, the first two peaks stood out markedly with correlation coefficients of 11.2 and 11.0 as opposed to 8.3 for the next highest peak. For the H-2K b molecule, no such obvious separation was observed. Instead, there were 13 peaks with correlation coefficient values between 7.5-8.8 in a fairly flat distribution. In retrospect, however, peak numbers 1 and 12 were the correct solution. The translation search was then carried out in a stepwise fashion: one body, two body, three body and finally four body. It was clear that the two TCR molecules and one H-2K b molecule at the top of rotation function lists remained at the top in the search, whereas the other H-2K b molecule was difficult to find. It was not until the E value was used and 6 Å resolution data were included that the correct solution became apparent.
Identification of a common docking topology with substantial variation among different TCR-peptide-MHC complexes
For example, when the F value was used in otherwise exactly the same calculation, a wrong rotation peak (number 16 in the rotation function peak list) for the second H-2K b molecule was picked up in the third body translation search. The result was featureless, namely no solution stood out as judged by correlation coefficient. Essentially the same incorrect result was obtained from 15-6.5 Å calculation even when the E value was employed. In the E-value calculation at 15-6 Å resolution range, however, the correlation coefficient value steadily increased during the search, from 11.6, 19.5, 25.9 to 30.0, with the last body found being the H-2K b molecule from the number 12 rotation function peak list. Note that the next peak in the four-body translation search list was 26.1 for the fourth body search, significantly lower than 30.0, the correct answer. After rigidbody fitting for the four molecules with AMoRe, the correlation coefficient further increased to 32.3 with the R factor being 45.4%. It is particularly notable that the Rmerge in the resolution shell 6.2-6.4 Å and 6.0-6.2 Å was 34.6% and 37.7%, respectively. Yet these data still appeared to play important role in giving the correct solution. This is in agreement with the importance of Evalue usage, which weighs more on the higher resolution terms compared with F-value usage.
When the solution was displayed graphically, the independently located two TCR and two H-2K b molecules formed two complexes, both in a similar and biologically sensible manner. The crystal packing appears reasonable except for one small patch involving a collision associated with the H-2K b molecule in complex A with neighboring molecule. Based on the belief that the two TCRs should be more accurately positioned, a transform calculated by overlaying TCR-B onto TCR-A was applied on the H-2K b molecule in complex B to generate the new H-2K b molecule for complex A. The transformed H-2K b -A is essentially an 8 Å shift from the original one. The R factor calculated from this model dropped from the original 45.4% to 41.1%. A test calculation showed that this 8 Å deviation was beyond what rigid-body refinement could correct. The shift is perpendicular to the b-axis and along the a-axis, the longest axis (272.7 Å). Because, in principal, the translation search in monoclinic space group seeks a vector relating the two fold symmetry mates, the shift obviously came from the inaccurate translation search along the longest axis (3% in the fractional crystallographic coordinate system) at low resolution. The transformed H-2K b-A has no collision in crystal packing.
The model was then subjected to further rigid-body refinement with X-PLOR. At the beginning, just four molecules were taken as rigid bodies, and the R factor dropped from 41.1% to 39.4%. The rotation movements were 2.9° for H-2K b -A, 1.7° for H-2K b -B, 1.9° for TCR-A, and 1.2° for TCR-B. Later, the H-2K b molecule was divided into three domains (α1 + α2 + peptide, α3 and β2) whereas the TCR was divided into four domains (Vα, Cα, Vβ and Cβ). Given that there were two complexes in the asymmetric unit, 14 domains all together were refined. The R factor was reduced to 37.9% at 15-6 Å resolution. The rotation movements for these 14 domains are listed in Table s1 . We have noticed that the 2C TCR-H-2K b also has around 10° rotation movement for the β2 domain upon MHC binding by TCR (I. Wilson, personal communication).
